































































ultrasound	transducer	was	positioned	 in	a	beaker	of	water	embedded	 in	a	 thermally	 insulating	block	of	polystyrene,	and	 the	 temperature	was	 taken	using	a	wire	 type	K	 thermocouple	 (Jaycar	Electronics	Pty.	Ltd.,	Auckland,	New
Zealand).	The	ultrasound	intensity	was	calculated	as





























































Target	temperature	(°C) 13 33 46 13 33 46








wavelengths	 are	 similar	 to	 those	 used	 to	measure	 calcein	 in	 the	 literature	 (El	 Jastimi	 and	 Lafleur	 1999;	Petronilli	 et	 al.	 1999;	Alvarez‐Román	 et	 al.	 2003;	Mueller	 et	 al.	 2004;	Morimoto	 et	 al.	 2005).	 The	 software	 package	 FluorEssence
(FluorEssence	Version	3.5,	Horiba	Ltd.)	was	used	to	control	the	spectrofluorometer	and	analyze	its	output.	Each	0.2-mL	sample	was	pipetted	into	a	1.2-mL	quartz	crystal	cuvette	(Starna	Ltd,	Essex,	UK).	The	remaining	1	mL	of	the




































































































On	 a	 final	 note,	 the	 thermal	 analysis	 of	 the	 receiver	 chamber	 illustrated	 in	 Figure	 5	 provides	 some	 insight	 into	 controlling	 anticipated	 heating	 of	 the	 subcutaneous	 tissue	 in	 in	 vivo	 applications.	 Lower	 coupling	 fluid
temperatures	resulted	in	 lower	receiver	fluid	temperatures	 in	the	presence	of	ultrasound	(Fig.	5b).	Using	a	circulation	to	reduce	coupling	fluid	temperatures	 in	clinical	applications	or	 in	vivo	could	reduce	 the	potential	of	harmful
temperature	rises	of	the	underlying	tissue.
Conclusions
A	Franz	diffusion	cell	was	modified	with	circulation	of	coupling	fluid	through	the	donor	chamber	to	make	 it	possible	to	maintain	the	coupling	fluid	at	a	constant	 target	temperature	(13°C,	33°C	or	46°C)	during	10	min	of
continuous	sonoporation	of	porcine	skin	at	an	ultrasound	intensity	of	55	W/cm2.	This	system	could	be	used	to	streamline	the	experimental	procedure	by	removing	the	need	for	duty	cycles	of	coupling	fluid	replacement.	Because	the
coupling	fluid	temperature	was	controllable,	the	system	was	able	to	be	used	to	investigate	the	influence	of	coupling	fluid	temperature	on	cavitation	and	transport.	Increasing	coupling	fluid	temperature	resulted	in	decreased	cavitation
activity,	increased	mean	transport	and	increased	variance	in	transport	data.
References
Addicks	W.J.,	Addicks	W.J.,	Flynn	G.L.,	Flynn	G.L.,	Weiner	N.	and	Weiner	N.,	Validation	of	a	flow-through	diffusion	cell	for	use	in	transdermal	research,	Pharm	Res	4,	1987,	337–341.
Akomeah	F.,	Nazir	T.,	Martin	G.P.	and	Brown	M.B.,	Effect	of	heat	on	the	percutaneous	absorption	and	skin	retention	of	three	model	penetrants,	Eur	J	Pharm	Sci	21,	2004,	337–345.
Alvarez-Román	R.,	Merino	G.,	Kalia	Y.N.,	Naik	A.	and	Guy	R.H.,	Skin	permeability	enhancement	by	low	frequency	sonophoresis:	Lipid	extraction	and	transport	pathways,	J	Pharm	Sci	92,	2003,	1138–1146.
Bader	K.B.,	Raymond	J.L.,	Mobley	J.,	Church	C.C.	and	Felipe	Gaitan	D.,	The	effect	of	static	pressure	on	the	inertial	cavitation	threshold,	J	Acoust	Soc	Am	132,	2012,	728–737.
Brennen	C.E.,	Cavitation	and	bubble	dynamics,	1995,	Oxford	University	Press;	New	York.
Chang	S.	and	Riviere	J.,	Percutaneous	absorption	of	parathion	in	vitro	in	porcine	skin:	Effects	of	dose,	temperature,	humidity,	and	perfusate	composition	on	absorptive	flux,	Toxicol	Sci	17,	1991,	494–504.
Chen	W.S.,	Brayman	A.A.,	Matula	T.J.	and	Crum	L.A.,	Inertial	cavitation	dose	and	hemolysis	produced	in	vitro	with	or	without	Optison,	Ultrasound	Med	Biol	29,	2003,	725–737.
Clarys	P.,	Alewaeters	K.,	Jadoul	A.,	Barel	A.,	Manadas	R.O.	and	Préat	V.,	In	vitro	percutaneous	penetration	through	hairless	rat	skin:	Influence	of	temperature,	vehicle	and	penetration	enhancers,	Eur	J	Pharm	Biopharm	46,
1998,	279–283.
Dahlan	A.,	Alpar	H.O.	and	Murdan	S.,	An	investigation	into	the	combination	of	low	frequency	ultrasound	and	liposomes	on	skin	permeability,	Int	J	Pharm	379,	2009,	139–142.
El	Jastimi	R.	and	Lafleur	M.,	A	dual‐probe	fluorescence	method	to	examine	selective	perturbations	of	membrane	permeability	by	melittin,	Biospectroscopy	5,	1999,	133–140.
Gay	C.L.,	Guy	R.H.,	Golden	G.M.,	Mak	V.H.W.	and	Francoeur	M.L.,	Characterization	of	low-temperature	(i.e.,	<65°C)	lipid	transitions	in	human	stratum	corneum,	J	Invest	Dermatol	103,	1994,	233–239.
Hallow	D.M.,	Mahajan	A.D.,	McCutchen	T.E.	and	Prausnitz	M.R.,	Measurement	and	correlation	of	acoustic	cavitation	with	cellular	bioeffects,	Ultrasound	Med	Biol	32,	2006,	1111–1122.
Han	T.	and	Das	D.B.,	Permeability	enhancement	for	transdermal	delivery	of	large	molecule	using	low-frequency	sonophoresis	combined	with	microneedles,	J	Pharm	Sci	102,	2013,	3614–3622.
Hao	J.,	Ghosh	P.,	Li	S.K.,	Newman	B.,	Kasting	G.B.	and	Raney	S.G.,	Heat	effects	on	drug	delivery	across	human	skin,	Expert	Opin	Drug	Deliv	13,	2016,	755–768.
Helga	F.,	Sunali	B.,	Miklós	G.	and	Constantin	C.C.,	Cavitation-enhanced	delivery	of	insulin	in	agar	and	porcine	models	of	human	skin,	Phys	Med	Biol	60,	2015,	2421.
Henry	S.,	McAllister	D.,	Allen	M.	and	Prausnitz	M.,	Micromachined	needles	for	the	transdermal	delivery	of	drugs,	In:	Proceedings,	Eleventh	Annual	International	Workshop	on:	Micro	Electro	Mechanical	Systems,	1998	(MEMS	98),
Piscataway,	NJ1998,	IEEE,	494–498.
Herwadkar	A.,	Sachdeva	V.,	Taylor	L.F.,	Silver	H.	and	Banga	A.K.,	Low	frequency	sonophoresis	mediated	transdermal	and	intradermal	delivery	of	ketoprofen,	Int	J	Pharm	423,	2012,	289–296.
Kendall	M.,	Rishworth	S.,	Carter	F.	and	Mitchell	T.,	Effects	of	relative	humidity	and	ambient	temperature	on	the	ballistic	delivery	of	micro-particles	to	excised	porcine	skin,	J	Invest	Dermatol	122,	2004,	739–746.
Lavon	I.,	Grossman	N.	and	Kost	J.,	The	nature	of	ultrasound–SLS	synergism	during	enhanced	transdermal	transport,	J	Control	Release	107,	2005,	484–494.
Lee	K.L.	and	Zhou	Y.,	Quantitative	evaluation	of	sonophoresis	efficiency	and	its	dependence	on	sonication	parameters	and	particle	size,	J	Ultrasound	Med	34,	2015,	519–526.
Lee	S.E.,	Choi	K.J.,	Menon	G.K.,	Kim	H.J.,	Choi	E.H.,	Ahn	S.K.	and	Lee	S.H.,	Penetration	pathways	induced	by	low-frequency	sonophoresis	with	physical	and	chemical	enhancers:	Iron	oxide	nanoparticles	versus	lanthanum
nitrates,	J	Invest	Dermatol	130,	2010,	1063–1072.
Lindeque	B.G.,	Shuler	F.D.	and	Bates	C.M.,	Skin	temperatures	generated	following	plaster	splint	application,	Orthopedics	(Online)	36,	2013,	364–367.
Mitragotri	S.	and	Kost	J.,	Low-frequency	sonophoresis:	A	review,	Adv	Drug	Deliv	Rev	56,	2004,	589–601.
Mitragotri	S.,	Edwards	D.A.,	Blankschtein	D.	and	Langer	R.,	A	mechanistic	study	of	ultrasonically-enhanced	transdermal	drug	delivery,	J	Pharm	Sci	84,	1995,	697–706.
Mitragotri	S.,	Farrell	J.,	Tang	H.,	Terahara	T.,	Kost	J.	and	Langer	R.,	Determination	of	threshold	energy	dose	for	ultrasound-induced	transdermal	drug	transport,	J	Control	Release	63,	2000a,	41–52.
Mitragotri	S.,	Ray	D.,	Farrell	J.,	Tang	H.,	Yu	B.,	Kost	J.,	Blankschtein	D.	and	Langer	R.,	Synergistic	effect	of	low-frequency	ultrasound	and	sodium	lauryl	sulfate	on	transdermal	transport,	J	Pharm	Sci	89,	2000b,	892–900.
Morimoto	Y.,	Mutoh	M.,	Ueda	H.,	Fang	L.,	Hirayama	K.,	Atobe	M.	and	Kobayashi	D.,	Elucidation	of	the	transport	pathway	in	hairless	rat	skin	enhanced	by	low-frequency	sonophoresis	based	on	the	solute–water	transport
relationship	and	confocal	microscopy,	J	Control	Release	103,	2005,	587–597.
Moritz	A.R.	and	Henriques	F.C.,	Studies	of	thermal	Injury:	II.	The	relative	importance	of	time	and	surface	temperature	in	the	causation	of	cutaneous	burns,	Am	J	Pathol	23,	1947,	695–720.
Mueller	H.,	Kassack	M.U.	and	Wiese	M.,	Comparison	of	the	usefulness	of	the	MTT,	ATP,	and	calcein	assays	to	predict	the	potency	of	cytotoxic	agents	in	various	human	cancer	cell	lines,	J	Biomol	Screen	9,	2004,	506–515.
Mutoh	M.,	Ueda	H.,	Nakamura	Y.,	Hirayama	K.,	Atobe	M.,	Kobayashi	D.	and	Morimoto	Y.,	Characterization	of	transdermal	solute	transport	induced	by	low-frequency	ultrasound	in	the	hairless	rat	skin,	J	Control	Release	92,
2003,	137–146.
O'Brien	W.D.,	Jr,	Ultrasound–biophysics	mechanisms,	Prog	Biophys	Mol	Biol	93,	2007,	212–255.
Ogiso	T.,	Hirota	T.,	Iwaki	M.,	Hino	T.	and	Tanino	T.,	Effect	of	temperature	on	percutaneous	absorption	of	terodiline,	and	relationship	between	penetration	and	fluidity	of	the	stratum	corneum	lipids,	Int	J	Pharm	176,	1998,
63–72.
Oh	J.H.,	Park	H.H.,	Do	K.Y.,	Han	M.,	Hyun	D.H.,	Kim	C.G.,	Kim	C.H.,	Lee	S.S.,	Hwang	S.J.	and	Shin	S.C.,	Influence	of	the	delivery	systems	using	a	microneedle	array	on	the	permeation	of	a	hydrophilic	molecule,	calcein,	Eur	J
Pharm	Biopharm	69,	2008,	1040–1045.
Paliwal	S.,	Menon	G.K.	and	Mitragotri	S.,	Low-frequency	sonophoresis:	Ultrastructural	basis	for	stratum	corneum	permeability	assessed	using	quantum	dots,	J	Invest	Dermatol	126,	2006,	1095–1101.
Papir	Y.S.,	Hsu	K.H.	and	Wildnauer	R.H.,	The	mechanical	properties	of	stratum	corneum:	I.	The	effect	of	water	and	ambient	temperature	on	the	tensile	properties	of	newborn	rat	stratum	corneum,	Biochim	Biophys	Acta
399,	1975,	170–180.
Petronilli	V.,	Miotto	G.,	Canton	M.,	Brini	M.,	Colonna	R.,	Bernardi	P.	and	Di	Lisa	F.,	Transient	and	long-lasting	openings	of	the	mitochondrial	permeability	transition	pore	can	be	monitored	directly	in	intact	cells	by	changes	in
mitochondrial	calcein	fluorescence,	Biophys	J	76,	1999,	725–734.
Polat	B.E.,	Blankschtein	D.	and	Langer	R.,	Low-frequency	sonophoresis:	Application	to	the	transdermal	delivery	of	macromolecules	and	hydrophilic	drugs,	Expert	Opin	Drug	Deliv	7,	2010,	1415–1432.
Polat	B.E.,	Figueroa	P.L.,	Blankschtein	D.	and	Langer	R.,	Transport	pathways	and	enhancement	mechanisms	within	localized	and	non-localized	transport	regions	in	skin	treated	with	low-frequency	sonophoresis	and	sodium
lauryl	sulfate,	J	Pharm	Sci	100,	2011,	512–529.
Polat	B.E.,	Deen	W.M.,	Langer	R.	and	Blankschtein	D.,	A	physical	mechanism	to	explain	the	delivery	of	chemical	penetration	enhancers	into	skin	during	transdermal	sonophoresis—Insight	into	the	observed	synergism,	J
Control	Release	158,	2012,	250–260.
Prausnitz	M.R.,	Bose	V.G.,	Langer	R.	and	Weaver	J.C.,	Electroporation	of	mammalian	skin:	A	mechanism	to	enhance	transdermal	drug	delivery,	Proc	Natl	Acad	Sci	90,	1993,	10504–10508.
Robertson	J.,	Coupling	fluid	temperature	control	and	passive	cavitation	detection	during	skin	sonoporation	(PhD	thesis),	2018,	New	Zealand	University	of	Canterbury;	Christchurch.
Robertson	J.	and	Becker	S.,	Influence	of	acoustic	reflection	on	the	inertial	cavitation	dose	in	a	Franz	diffusion	cell,	Ultrasound	Med	Biol	44,	2018,	1100–1109.
Sarheed	O.	and	Abdul	Rasool	B.K.,	Development	of	an	optimised	application	protocol	for	sonophoretic	transdermal	delivery	of	a	model	hydrophilic	drug,	Open	Biomed	Eng	J	5,	2011,	14–24.
Schoellhammer	C.M.,	Polat	B.E.,	Mendenhall	J.,	Maa	R.,	Jones	B.,	Hart	D.P.,	Langer	R.	and	Blankschtein	D.,	Rapid	skin	permeabilization	by	the	simultaneous	application	of	dual-frequency,	high-intensity	ultrasound,	J	Control
Release	163,	2012,	154–160.
Shahzad	Y.,	Louw	R.,	Gerber	M.	and	du	Plessis	J.,	Breaching	the	skin	barrier	through	temperature	modulations,	J	Control	Release	202,	2015,	1–13.
Silva	C.L.,	Nunes	S.C.C.,	Eusébio	M.E.S.,	Pais	A.A.C.C.	and	Sousa	J.J.S.,	Thermal	behaviour	of	human	stratum	corneum,	Skin	Pharmacol	Physiol	19,	2006,	132–139.
Smith	N.B.,	Perspectives	on	transdermal	ultrasound	mediated	drug	delivery,	Int	J	Nanomed	2,	2007,	585–594.
Souza	J.,	Meira	A.,	Volpato	N.M.,	Mayorga	P.	and	Gottfried	C.,	Effect	of	phonophoresis	on	skin	permeation	of	commercial	anti-inflammatory	gels:	Sodium	diclofenac	and	ketoprofen,	Ultrasound	Med	Biol	39,	2013,	1623–1630.
Queries	and	Answers
Query:	Please	confirm	that	givennames	and	surnames	have	been	identified	correctly.
Answer:	Yes
Query:	The	author	names	have	been	tagged	as	given	names	and	surnames	(surnames	are	highlighted	in	teal	color).	Please	confirm	if	they	have	been	identified	correctly.
Answer:	yes
Query:	Please	add	Mitragotri	et	al.	2003	to	reference	list	or	delete	citation.
Answer:	delete	this	citation
Query:	Please	confirm	that	“CNC”	is	expanded	correctly	as	“computer	numerical	control.”
Answer:	yes	correct
Query:	Please	provide	conflict	of	interest	statement.
Answer:	The	authors	have	no	financial	or	personal	relationships	with	other	people	or	organizations	that	could	inappropriately	influence	(bias)	their	work.
Tang	H.,	Wang	C.C.J.,	Blankschtein	D.	and	Langer	R.,	An	investigation	of	the	role	of	cavitation	in	low-frequency	ultrasound-mediated	transdermal	drug	transport,	Pharm	Res	19,	2002,	1160–1169.
Terahara	T.,	Mitragotri	S.	and	Langer	R.,	Porous	resins	as	a	cavitation	enhancer	for	low-frequency	sonophoresis,	J	Pharm	Sci	91,	2002,	753–759.
Tezel	A.,	Sens	A.,	Tuchscherer	J.	and	Mitragotri	S.,	Frequency	dependence	of	sonophoresis,	Pharm	Res	18,	2001,	1694–1700.
Tezel	A.,	Sens	A.	and	Mitragotri	S.,	Investigations	of	the	role	of	cavitation	in	low-frequency	sonophoresis	using	acoustic	spectroscopy,	J	Pharm	Sci	91,	2002,	444–453.
Tezel	A.	and	Mitragotri	S.,	Interactions	of	inertial	cavitation	bubbles	with	stratum	corneum	lipid	bilayers	during	low-frequency	sonophoresis,	Biophys	J	85,	2003,	3502–3512.
Tezel	A.,	Dokka	S.,	Kelly	S.,	Hardee	G.E.	and	Mitragotri	S.,	Topical	delivery	of	anti-sense	oligonucleotides	using	low-frequency	sonophoresis,	Pharm	Res	21,	2004,	2219–2225.
Ueda	H.,	Ogihara	M.,	Sugibayashi	K.	and	Morimoto	Y.,	Change	in	the	electrochemical	properties	of	skin	and	the	lipid	packing	in	stratum	corneum	by	ultrasonic	irradiation,	Int	J	Pharm	137,	1996,	217–224.
Ueda	H.,	Mutoh	M.,	Seki	T.,	Kobayashi	D.	and	Morimoto	Y.,	Acoustic	cavitation	as	an	enhancing	mechanism	of	low-frequency	sonophoresis	for	transdermal	drug	delivery,	Biol	Pharm	Bull	32,	2009,	916–920.
Vanbever	R.	and	Preat	V.,	In	vivo	efficacy	and	safety	of	skin	electroporation,	Adv	Drug	Deliv	Rev	35,	1999,	77–88.
Wu	J.,	Chappelow	J.,	Yang	J.	and	Weimann	L.,	Defects	generated	in	human	stratum	corneum	specimens	by	ultrasound,	Ultrasound	Med	Biol	24,	1998,	705–710.
Xie	Y.,	Xu	B.	and	Gao	Y.,	Controlled	transdermal	delivery	of	model	drug	compounds	by	MEMS	microneedle	array,	Nanomed	Nanotechnol	Biol	Med	1,	2005,	184–190.
Yao-Sheng	T.,	Choi	J.J.	and	Konofagou	E.E.,	Identifying	the	inertial	cavitation	pressure	threshold	and	skull	effects	in	a	vessel	phantom	using	focused	ultrasound	and	microbubbles,	AIP	Conf	Proc	1215,	2010,	186–189.
Zorec	B.,	Jelenc	J.,	Miklavčič	D.	and	Pavšelj	N.,	Ultrasound	and	electric	pulses	for	transdermal	drug	delivery	enhancement:	Ex	vivo	assessment	of	methods	with	in	vivo	oriented	experimental	protocols,	Int	J	Pharm	490,
2015,	65–73.
